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Abstract
Astrophysicists demand larger (mirror diameter > 10m) space optical telescopes to investigate more
distant events that happened during the very early period of the universe, for example formations of the
earliest stars. The deployable telescope design like James Webb Space Telescope that has a 6.5m diameter
primary mirror has already reached the capacity limits of the existing launch vehicles. Therefore, the
space industry has been considering using robotic technologies to build future optical reflecting three-mirror
structured space telescopes in orbit from smaller components.
One of the design paradigms is to use a high-DOF manipulator on a free-flying platform to build the
optical telescope in orbit. This approach requires high precision and accuracy in the robotic manipulation
GNC system that has several challenges yet to be addressed: 1. Orbital environmental parameters that affect
sensing and perception; 2. Limitations in robotic hardware, trajectory planning algorithms and controllers.
To investigate these problems for in-orbit manipulation, the UK national hub on future AI and robotics for
space (FAIR-SPACE) at the Surrey Space Centre (SSC) has been developing a ground-based hardware-in-the-
loop (HIL) robotic demonstrator to simulate in-orbit manipulation. The key elements of the demonstrator
are two 6-DOF manipulators and a re-configurable sensor system. One of the manipulators with a > 3-
DOF gripping mechanism represents the assembly manipulator on a spacecraft whose orbital dynamics,
kinematics, and environmental disturbances and uncertainties are propagated in a computer. The other
6-DOF manipulator with a torque/force sensor is used as a gravity oﬄoad mechanism to carry the space
telescope mirror segment. The relative motions between the service/manipulation arm and the mirror
segment are computed and then executed by the second arm. The sensor system provides visual feedback of
the end-effector and uses computer vision and AI to estimate the pose and position of the mirror segment
respectively. The demonstrator aims to verify and validate the manipulator assembly approach for future
large space optical telescopes against ground truth and benchmarks.
This paper explains the motivation behind developing this testbed and introduces the current hardware
setup of the testbed and its key features.
Keywords: Space Robotics, On Orbit Assembly, Space Manipulator, Space Telescope, AI, Orbital
Robotics
Abbreviations
ADCS Attitude Determination and Control System.
AI Artificial Intelligence.
C-W Clohessy-Whiltshire.
DOF Degree Of Freedom.
ECI Earth Centred Inertial.
GNC Guidance Navigation and Control.
HIL Hardware-in-the-loop.
IOA In Orbit Assembly.
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ISS International Space Station.
LVLH Local Vertical Local Horizontal.
ODE Ordinary Differential Equation.
ORT Orbital Robotics Testbed.
RGB-D Red Green Blue and Depth.
ROS Robot Operating System.
SIROM Standard Interface for Robotic Manipula-
tion of Payloads in Future Space Missions.
SLS Space Launch System.
Nomenclature
Fimpact Impact force.
XR1YR1ZR1 Principal axes of the orbit ref-
erence frame of the target after
the dynamic impact from the
service arm.
XRYRZR Principal axes of the initial or-
bit reference frame of the target.
dt1 Relative displacement of the
target between the initial and
the new position after the dy-
namic contacts. This displace-
ment is represented in the ini-
tial orbit reference frame of the
target.
vorbiting Orbiting velocity.
1. Introductions
Numerous studies have explained that the num-
ber of wavelengths of light that can fit across the
primary mirror determines the resolution of any tele-
scope. This is the reason that increasing the aperture
size of the primary mirror of space telescopes can help
us to observe more events in the distant universe.1–4
To fulfill the requirements of future space telescope
missions the size of the primary mirror will eventu-
ally become beyond what can be stored, launched,
and deployed by a single launch vehicle. For instance,
prior research generally confirms that the largest op-
tical telescope that could be autonomously deployed
from existing launch vehicles has an aperture size that
is approximately 9 meters in diameter, and it could
be extended to 15 meters for envisioned launch vehi-
cles such as Space Launch System (SLS).5 Therefore,
the limit of the capacity of launch vehicles sparks
off an increasing interest in building telescopes in
space from multiple launches. There are two ap-
proaches currently being explored: (1) to assemble
free-flying microsatellites with individual optical mir-
ror segments into a fixed cluster yielding a larger
aperture,6 and (2) to use robotic arms to assemble
modular telescopes on a fixed platform.7–9 A con-
ceptual rendering, as shown in Figure 1, illustrates
the completely assembled 3-mirror structure modu-
lar space telescope.
This telescope is an optical reflecting three-mirror
structured space telescope. The first step is to
demonstrate the robotic assembly technology for a
smaller 1 − 10m diameter primary mirror telescope
in a low Earth orbit. The primary mirror of the tele-
scope has multiple hexagonal segments which are sim-
ilar to the James Webb Space Telescope. Each of
the mirror segments is supported by a Steward plat-
form that enables it to be individually adjusted and
aligned to produce the desired image. However, as-
sembly of the primary mirror in orbit requires each of
the hexagonal segments to have additional units that
are dedicated for robotic assembly. Apart from the
primary mirror, the complete setup of the telescope
also has a mirror supporting structure, shading unit,
secondary mirror, and a science instrument module
sits behind the primary mirror to collect the light in-
cident on the telescope. These components may also
be assembled in orbit. However, facilitating the as-
sembly of the primary mirror is the focus of research
here at the University of Surrey.
Fig. 1: Conceptual art of Surrey’s large aperture size
space optical telescope in orbit
To date the majority of the existing literature only
focuses on the top-level paradigms of the assembly
process. The limited development of orbital robotics
and the lack of high-performance, low-energy com-
puting in space has resulted in very slow progress
of development for this task. In the past decade,
the convergence of AI, deep learning and robotics is
poised to deliver versatile, intelligent and robust so-
lutions for orbital environment which can accelerate
the development of on-orbit telescope assembly.
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Fig. 2: An illustration of the University of Surrey’s
on-orbit space telescope assembly paradigm: the
telescope is assembled on a space station service
module. The space telescope mirror segments are
launched and stored in the space station module.
The intelligent space robotic system identifies the
location of the mirror segment, plans the collision-
less trajectory and then executes it.
To pave the way towards to a tangible orbital space
telescope assembly mission, the experimental testing
with the latest robotics and AI hardware and soft-
ware for on-orbit modular space telescope assembly
needs to be carried out to improve the TRL (Tech-
nology Readiness Level). Similarly to other space
projects, direct in-orbit test of the space telescope
assembly is too risky and not economically feasible.
Therefore, ground-testing and simulation are essen-
tial to increase the TRL in the early stages of de-
velopment. One of the challenges of the testing is
to simulate high DOF (Degree Of Freedom) micro-
gravity dynamics on the ground. By far, the state-
of-the-art approach is to use a high DOF robotic arm
to off-load the experiment model’s weight and, with
impedance control, to simulate the free-floating mo-
tion in space.10 The existing ground-based orbital
robotics testing facilities based on robotic technology
are usually developed for very specific space missions
and has very limited re-configurability.
The FAIR-SPACE project which is headquartered
at University of Surrey has as one of its research
themes robotic Guidance Navigation, and Control
(GNC) for orbiting space systems. This research in-
cludes the corresponding hardware conceptualisation
and prototyping, and software development. The the-
oretical research and experimental testing for modu-
lar space telescope assembly in orbit is one of the
active research topics and laboratory demonstrations
for the University of Surrey. We have begun working
on the conceptual design of the assembly of mod-
ular space telescopes in orbit as illustrated in 2).
In recent work we have been moving towards devel-
oping a ground-based testbed to validate and im-
prove the TRL. This testbed implements state-of-
the-art robotic technology to simulate with high-
fidelity the micro-gravity orbital environment; it is
re-configurable, uses open source software, and is rel-
atively cost efficient.
This paper starts with a brief literature review of
selected space robotic testbeds. Then it introduces
the unique aspects of the FAIR-SPACE testbed as a
demonstrator for modular space telescope assembly.
The main part of this paper presents the design and
the current setup of this testbed in both software and
hardware. Here we will introduce the theory behind
the three important aspects of the testbed: the micro-
gravity simulation arm, the modular space telescope
segment perception using computer vision with A.I.
technology, and the service arm trajectory and mo-
tion planning for assembly. To end this paper the lim-
itations of the testbed will be outlined and planned
future works will also be discussed.
2. Setup of the Testbed
The essential concept of any ground-based orbital
robotics testbed is continuously off-loading the grav-
ity of the experimental objects to retain free > 3
DOF motion of rigid body dynamics. Therefore, real
hardware can be used to test the actual physical con-
tacts between orbiting objects in micro-gravity en-
vironment. There are a few active orbital robotic
testbeds around the world. Figure 3 shows the se-
lected ground-based space robotic testbeds in com-
parison with the FAIR-SPACE testbed. Amongst
the listed setups, only the POSEIDYN testbed uses
an air-bearing system to compensate for gravity. Air-
bearing systems were the first ground-based approach
for 3-DOF free-flying spacecraft testing.11 Navy
Postgraduate School’s The POSEIDYN (Proximity
Operation of Spacecraft: Experimental hardware-In-
the-loop Dynamic Simulator) system is a contem-
porary development which has been used for many
proximity orbital robotics research.12,13 Although
air-bearing systems are a well-developed approach to
off-load gravity in the laboratory environment, the
major drawbacks of these systems are that they can
only simulate up to 3-DOF free motion and the ex-
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periment duration is limited by the size of the gas
tank.
(a) Surrey’s ORT (b) NPS’s POSEIDYN
(c) GMV’s platform-arts (d) DLR’s OOS-SIM
Fig. 3: The ground-based testbeds for space robotics re-
search
The state-of-the-art approach to simulate free mo-
tion in space uses high-DOF robotic arms. The ear-
liest high-DOF robotic arm testbeds for space appli-
cations can be traced back to the testing for space-
craft rendezvous and docking.14 Two recently devel-
oped testbeds for orbital robotics experiments, shown
in Figure 3), are GMV’s Platform-Arts and DLR’s
OOS-SIM.15,16 Both testbeds are located in Europe
and use high-DOF industrial robotic arms to sim-
ulate dynamics in micro-gravity environment. The
on-orbit space telescope assembly testbed being de-
veloped at the University of Surrey is a customised
high-DOF testbed using similar techniques to simu-
late dynamics in a micro-gravity environment. The
notable differences between these testbeds are shown
in Table 1.
The testbed described in this paper uses the UR5
robotic arm which is a small form-factor interactive
robotic arm. The operating system of the testbed
is the open-source Robot Operating System (ROS)
which is different from the commercial robot operat-
ing system of the KUKA arms used by Platform-Arts
and OOS-SIM.15,16 Using ROS adds flexibility to pro-
gramming the testbed and enables fast experimental
prototyping.
Note that the testbed at the University of Sur-
rey is intended for general in-orbit assembly research.
However, the current setup is customised and opti-
mised for the modular space telescope assembly task.
This setup is shown in figure 4. It consists of two
UR5 robotic arms, two force torque sensors, up to
two Intel RealSense RGB-D cameras (note that, the
pose estimation only uses the RGB feature), a grip-
per/active mirror segment connector, and finally a
same size mock-up of the telescope mirror segment
with a passive connector. The testbed is composed
of three main parts:
• Target Arm: The robotic arm which carries and
compensates the weight of the experimental ob-
ject and simulates the full 6-DOF free-motion
of rigid body dynamics in micro-gravity envi-
ronment. The arm has a force torque sensor
installed to measure the contact forces/torques
which are fed back into the controller to simu-
late the corresponding motion of the experimen-
tal object as in space.
• Service Arm: The service arm is used for experi-
menting various GNC algorithms for the mod-
ular space telescope assembly. It has a force
torque sensor installed behind the gripper/ ac-
tive connector which is used for impedance con-
trol.
• Computer Vision with A.I. technology: This
part includes the choice and placement of sen-
sors as well as the development, and experimen-
tal testing of the A.I. algorithms for the percep-
tion research of the telescope assembly. It also
includes the ability to change the lighting condi-
tions and other visual features in the laboratory
environment so as to mimic with high fidelity the
visual environment expected in orbit.
Compared with the other testbeds listed above,
the University of Surrey’s testbed has a compact size
and potentially costs less energy than those which use
much larger industrial robotic arms. A high fidelity
orbital propagation model is included to simulate the
relative motion between the service arm and the tar-
get arm even when the assembly is taking place in the
proximity range. The UR5 robot arm has a payload
capacity of 5kg. The actual engineering model of the
modular telescope mirror segment is too heavy for
this robot arm and so instead, a 3D printed model
which retains the original geometry and size of the
segment is used. The accuracy and latency of the
testbed are estimated from the capabilities of the
hardware and software. The actual values will be
further investigated.
The target arm has three operating modes which
represent the existing assembly paradigms:
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FAIR-SPACE Testbed NPS’s POSEIDYN GMV’s platform-arts DLR’s OOS-SIM
DOF of the Target 6 + 2(Chaser Arm) 3 6 + 1 6
Simulation range proximity proximity rendezvous & proximity proximity
Orbital Mechanics included partly included included not included
Maximum Target Mass (kg) 5 N/A 150 120
Service/Chaser Spacecraft Simulated up to 9.5 kg Scaled or up to 150 kg Scaled or up to 120 kg
Operating Range 3× 2× 2.5 m3 4× 4 m2 15 m range 23.28 m3
Perception Sensor RGB/RGB-D Camera Multiple Cameras System LIDAR Stereo Camera ∗
Nominal Tracking Error/Ground Truth Error Desired 0.01 m and 1 deg (TBC) Various (N/A) 0.007 m and 0.8 deg † less than 0.005 m
Nominal Dynamic Simulation latency Desired 200− 300 ms (TBC) N/A 100 ms 16 ms (close-loop system)
ROS (Robot Operating System) Supported yes part no no
Customise Connector/End-Effector yes yes yes no
Table 1: A comparison chart between existing ground-based in orbit service testing facilities with the FAIR-
SPACE testbed. Note that, NPS’s POSEIDYN uses an air-bearing table, whilst the others use high DOF
robotic systems to simulate spacecraft dynamics and/or orbital mechanics.
Fig. 4: The actual laboratory setup of the demonstrator from different view angles. The current configuration
of the demonstrator consists of two robotic arms: service arm (left) and target arm (right). The space
optical mirror segment is mounted on the target arm with the force and torque sensor. The end-effector
of the service arm is exchangeable according to assembly paradigms. For this setup, the end-effector is a
two fingered gripper.
• Fix-position: the target arm joints can be config-
ured and locked to simulate prospective locations
of the space optical mirror segment relative to a
reference point. In this mode, the target arm
simulates a second collaborative robotic arm lo-
cated on the same spacecraft to deliver building
blocks to the service arm.
• Free-floating: the target arm is force controlled
using the feedback of force torque sensor to sim-
ulate micro-gravity attitude dynamics. In this
mode, the mirror segment is assumed delivered
by another much smaller spacecraft or with a self
powered system for which the thrusters need to
be switched off during assembly.
• Free-orbiting: the target arm is moving to sim-
ulate user defined orbital mechanics, this mode
is principally used for evaluating perception al-
gorithms.
The following sections describe the design and con-
cept of the three main parts of the testbed and pro-
vide some examples of the algorithms employed.
3. Target Arm Algorithm Development
The nominal setup of the testbed is shown in Fig.5.
The active connector and a force torque sensor is
∗Latestet Setup with LIDARS
†ASTRA 2015 ESA/ESTEC
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Fig. 5: The ROS Gazebo simulation environment shows the setup of the testbed with the robot arms mounted
on a 2-DOF traverser. The active connector forms the end-effector of the service arm (left); the corre-
sponding passive connector is located on the modular telescope segment (right)
High-DOF
A.I. In-Orbit
Assembly Testbed
Target Arm
Orbit
Mechanics Attitude
Dynamics
Trajectory
Planning
Service Arm
Motion
Planning
Grasping
or
Connector
Control
Computer
Vision
with A.I.
Photo-
realistic
Space
Simulator
Trained
Neural
Network
for Pose
Esti-
mation
Fig. 6: The three key aspects and corresponding
packages of Surrey’s Ground-Based High-DOF AI
And Robotics Demonstrator For In-Orbit Space
Optical Telescope Assembly.
mounted on the service arm. The passive connector
is mounted on the mirror segment model.
The scope of this paper is to demonstrate guiding
of the service arm using Artificial Intelligence (AI)
technology to accurately connect the active connec-
tor and the passive connector on the primary mir-
ror segment. The active/passive connector pair is
reproduced from an open access European Commis-
sion H2020’s Standard Interface for Robotic Manipu-
lation of Payloads in Future Space Missions (SIROM)
study.17 This study aimed to provide a reliable and
universal connector for future space robotic applica-
tions. The University of Surrey’s current design of
the space telescope uses this connector type between
modular telescope segments.
The locking mechanism has a magnetic safe guard
whereby the pair only lock when the active and pas-
sive connectors are in close enough proximity. This is
a very challenging system when the mirror segments
are in free-floating or free-flying conditions as any
miss-alignment or overshooting between the active
and passive connectors can push the mirror segment
(or the mirror segment containing spacecraft) away.
For the model of the connectors on this testbed, the
thermal and data interface of the SIROM connector
are not included as they are less relevant to this re-
search.
The flowchart in Figure 7 shows the algorithm of
micro-gravity dynamics simulation delivered by the
target arm. The simulation starts performing from
an initial trajectory of the target. This trajectory
is relative to a fixed reference frame which is prede-
fined. For the present setup, the origin of the fixed
reference frame is at the centre of the first joint of
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service arm. The relative trajectory of the target is
propagated by the main simulation computer and ex-
ecuted by the controller interface in the ROS environ-
ment. The target arm has a force torque sensor which
measures any external force and torque from the dy-
namic contacts during the assembly process. Then a
new motion and relative trajectory is calculated and
updated to the robotic arm motion planner to simu-
late the dynamic response of the modular telescope
segment in micro-gravity environment.
Service Arm
Gripper Contact
Force &
Torque Sensor
Target Nomi-
nal Orbit and
Inertial Property
Orbital and
Attitude Con-
trol Command
Target Arm
Trajectory Planner
Target Arm
Motion Planner
Target Arm
Joints Controller
Measured forces
and torques
Changes in atti-
tude and position
Changes in atti-
tude and position
Trajectory with
velocity/time scale
Joints space
motion plan
Fig. 7: Flowchart of the abstracted target arm
torque/force control algorithm.
One of the key features of the testbed is the high
fidelity model of orbital mechanics for close-proximity
range which is usually omitted in the other space
robotics testbeds to reduce the simulation complex-
ity. However, for smaller weight free-floating or free-
flying objects like modular space telescope segments,
simplifying the orbital mechanics introduces signifi-
cant errors. Figure 8 illustrates a general case for
on orbit assembly/service where the trajectory of the
target has shifted after the service arm has exerted a
contact force opposite to its orbiting direction. For
example, if the initial orbit of the in-orbit assembly
is a circular orbit, the new orbit of the target after
the contact with the service arm shifts to an ellip-
tical orbit. dt1 is the relative displacement of the
target between the initial and the new position. As
the position of the service spacecraft is considered to
Fig. 8: Illustration shows the change of the orbiting
trajectory of the target after a dynamic contact in
which the force direction is opposite to the nom-
inal target orbiting velocity. The change of the
target’s orbiting trajectory can be very significant
when the contact force is large or the target mass
is small.
be fixed and is the reference frame for the testbed,
the change of the trajectory of the end-effector of the
target arm can intuitively simulate the displacement
between the service spacecraft and the target. In ad-
dition, the relative attitude of the target represented
in the original orbital reference frame is also updated
and simulated by the target arm.
The service spacecraft with the service arm is gen-
erally considered to have a much larger mass than
the target. The testbed at the University of Surrey
is developed for the smaller orbiting targets whose
mass is around 2 − 5 kg without scaling. The cur-
rent hardware design of the telescope primary mir-
ror segment for the 1 − 10m space telescope is less
than 10 kg. Therefore, the change in the attitude and
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Fig. 9: The relative displacement of a target after a
0.5 sec dynamic contact, with a force up to 10N
from the service arm. The mass of the target,
which is assumed to be similar to the telescope
segment used for this testbed, is from 2 to 10 kg.
The volume is 0.13m3.
orbit of the service spacecraft is negligible after the
dynamic contact with the target. The testbed can
focus on simulating the dynamic response of the tar-
get during the assembly. Figure 9 shows a simulation
result of the vertical displacement in the Local Ver-
tical Local Horizontal (LVLH) frame of the targets
with different mass (2− 10 kg) after a range of forces
(up to 10N) from the zenith direction exerted for
0.5sec on the target. The orbit change of the tar-
get in this mass range is actually very significant (up
to around 0.7m) in comparison with the actual size
of the target and the testbed. Therefore, in order
to have a high-fidelity simulation, the orbit change
of the target for the close-proximity operation needs
to be included. For the testbed at the University of
Surrey, the initial position is set as fixed and orbit-
ing along with the service arm thus the target arm
can intuitively simulate the relative displacement in
the laboratory environment. As mentioned before,
accurately demonstrating this displacement requires
propagating the orbital mechanics for both the ser-
vice and target spacecraft.
There are two approaches that are implemented to
propagate the relative trajectory and motion between
the service spacecraft and the target. The first is a
direct simulation method that propagates the atti-
tude and orbit before and after the dynamic contact
and calculate the differences in the testbed reference
frame (the initial assembly reference frame).
For the first demonstration which is to assemble
the primary mirror of the space optical telescope
in International Space Station orbit, the simulator
uses 400 km circular Earth orbit as the initial orbit.
The inclination of this orbit is 50◦. Because in this
case, the initial orbit for assembly is circular and the
change in eccentricities between the initial orbit and
after-impact orbit of the target is very small. The
solution of the relative trajectory and motion can be
calculated by using Clohessy-Wiltshire equations.18
This approach has the added benefit that it retains
nonlinear high fidelity for the testbed.
4. Service Arm Algorithm Development
The Service Arm of the testbed is shown in Fig.
4. It includes a 6-DOF UR5 arm, a Robotiq force-
torque sensor and an Robotiq 2-fingered gripper. An
Intel Realsense RGB-D sensor is extracting the vi-
sual data necessary for perception i.e. RGB images
of the scene, grayscale depth maps, and point clouds.
Due to the medium range payload of the robot, the
setup is highly interchangeable with respect to the
perception and gripping parts. This means that var-
ious robotic end-effectors and visual sensors can be
mounted, such as grippers, electromechanical inter-
faces, robotic hands, stereo cameras and depth sen-
sors.
The usefulness of the service arm is demonstrated
by its two main capabilities. These are its motion
planning and control algorithms that can emulate the
motion of a servicing satellite in-orbit, as well as its
autonomous grasping capabilities, that enable it to
plan for contact points and make contact with the
target.
4.1 Motion Planning and Control
The motion planning for the Service arm is done
by using the MoveIt framework in ROS, as is shown
in Fig. 5. This enables motion planning of the arm,
that is aware of potential collisions in the scene as well
as the robot limits. A number of different planning
algorithms can be used, and manipulation criteria can
be imposed in the planning phase.
The arm uses built-in PID controllers for the joint
motions. In orbital applications, the preferred control
methods are the ones that minimise impedance, so
that there is minimal displacement of the target in
the impact moment. For the presented scenario of
telescope assembly, a low impedance control means
that the target is not going to be displaced when the
active and passive connectors meet.
To realise a low impedance controller, there must
be a torque measurement of the joints. This is not
the case with the UR5 robot, as it does not sup-
port torque measurements and control. Instead, the
method used on the testbed is the one presented in
more classic works.19 The method presented in this
paper describes the collision velocity that a service
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arm should have when colliding with a target, so
as to minimise the displacement. This velocity is
found by a momentum-conservation technique called
impedance matching, and it is a function of the tar-
get’s mass. The reader is prompted to study the rele-
vant paper19 for additional details. The result of this
analysis is the realisation of an impedance controller
with a Cartesian velocity controller, which is easy to
implement on a UR5 robot.
4.2 Target Grasping
Because the testbed can emulate both cooperative
and non-cooperative targets, it offers an ideal system
for developing perception and grasping algorithms for
moving objects.
The grasping of an orbital target is visual-based.20
In this process, the service arm extracts visual infor-
mation about the target that can be then processed
to extract one or more candidate contact points. The
visual data communication and processing is done in
ROS. As a result, many visual sensors can be inter-
changed without compatibility issues. This enables
emulating visual data that are coming from various
conditions in the orbital environment, and assessing
the performance accordingly. For example, an or-
bital robot may need to use a point cloud extracted
from a stereo camera in brighter conditions, or a LI-
DAR sensor otherwise. Since the testbed processes
the visual information as ROS point cloud datatypes,
the perception algorithms can emulate various orbital
conditions.
For the grasp planning part, the visual data are
preprocessed and filtered. Then, the target point
cloud is clustered, according to local surface prop-
erties and geometric neighbourhoods. This enables
the extraction of a large number of candidate grasp-
ing areas. In post-extraction, each grasping area can
be assessed under user-defined criteria. Example cri-
teria include how reachable is the grasp, and whether
it constitutes a suitable grasping point. In the case of
the telescope module assembly, a non-suitable grasp-
ing point would be the module mirror segment. The
preprocessing of the point cloud and simple definition
of grasping criteria lead to efficient and fast grasp
generation.
The grasping motion with the gripper is executed
by placing the gripper pads on the selected grasping
point. The gripper then slowly closes its fingers, un-
der a motor current feedback control law, that gradu-
ally increases the grasping force when the gripper mo-
tor current increases i.e. when the target is grasped.
Fig. 10: The grasp extraction results for the tele-
scope module. A point cloud of the module is
taken and preprocessed. Each coloured region
is a grasping area, along with a candidate end-
effector pose. According to the desired grasping
criteria, the best grasp can be selected and the
robot can execute the corresponding motion.
Fig. 11: Synthetic image of an on-orbit mirror seg-
ment covered with metallic material rendered us-
ing the simulator URSO.21
5. Visual Target Pose Estimation
To estimate the 6-DOF of a mirror segment, one
can use deep learning models trained on synthetic
images, as shown in Fig. 11, which can be obtained
using a mirror 3D model and a photorealistic simula-
tor built on Unreal Engine 4, as proposed in current
research literature.21
Deep learning solutions have recently achieved im-
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pressive results on the European Space Agency’s com-
petition22 of satellite pose estimation from a single
monocular image: mean errors less than 1 deg and 5
cm respectively for orientation and position estima-
tion on a synthetic dataset for an operating range be-
tween 2 and 40 m. However, the overall performance
on real images of all teams was far worse. These
real images were photomontages made of images of
a satellite mockup obtained under a high fidelity
lab setup and actual earth imagery from Himawari-
8, a geostationary weather satellite. Nevertheless,
our deep learning solution21 achieved the second best
score on the real images by using a novel training
data augmentation technique.
This can be further improved by randomizing the
object textures and materials by exploiting Unreal
Engine 4 features to estimate robustly and precisely
the pose of the mirror segment and therefore the ori-
entation and location of the SIROM passive connec-
tor. Moreover, deep learning models21,23 can be de-
signed to expose the uncertainties of their estimates.
6. Conclusion and Future Work
Facilitating the assembly of a modular space tele-
scope by robots in orbit still requires a substantial
amount of work to be done on the ground. The
ground-based testing facility at the University of Sur-
rey offers the opportunity to test and evaluate the po-
tential perception and assembly algorithms for large
infrastructure in space. Furthermore this facility al-
lows to have a high fidelity demonstration on the
ground. This is enabled by using high-DOF robotic
arms to simulate dynamics in micro-gravity environ-
ment. The testbed is open-sourced, cost-efficient, re-
configurable, and has a compact size in comparison
with other space robotics testbeds.
To date, benchmarking the whole ground-based
robotic testbed is challenging because the experi-
ments are all mission dependent and there is very lim-
ited industrial or a space agency standard or reference
to follow. However, the performance of the individ-
ual aspect of the testbed can be evaluated separately.
For example, the accuracy of the A.I. algorithm for
pose estimation. These evaluations will be carried
out soon. Maturing the key technologies to enable
in-orbit space telescope assembly is still the state-of-
the-art. It requires a combination of various research
and development outputs in spacecraft system, space
robotics and space structure to elevate the Technol-
ogy Readiness Level (TRL). The emerging develop-
ment of A.I. technology can potentially create novel
solutions to overcome the challenges that the con-
ventional approaches usually confront. The testbed
at Surrey with the open-sourced Robotic Operation
System (ROS) and re-configurable hardware will help
rapidly develop and test the new algorithms to find
out the potential solutions.
Similarly to the other space robotic testbeds, the
testbed at Surrey has a long developing plan. the
ultimate goal of the testbed is to offer research in-
stitutes and the space industry a high-fidelity testing
facility for research and development of the key tech-
nologies for future in-orbit space robotic applications
like assembly of space telescopes.
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